[1] Phase equilibrium experiments on primitive Miocene olivine leucitite (Bb-107) from the Qiangtang terrane of the Tibetan Plateau were performed from 1.0 to 2.2 GPa and 1270 to 1440°C. The composition is multiply saturated with olivine and clinopyroxene from 1.2 to 2.2 GPa and 1340°C under nominally anhydrous conditions. Phase assemblages in the experiments have been used to model the effects of high-pressure fractional crystallization. The results are consistent with an origin of Bb-107 as a modified mantle melt produced by fractional crystallization in the lithospheric mantle or lower continental crust. Liquids from spinel + garnet peridotite melting experiments are compositionally similar to the primitive fractionation corrected melt. If metasomatized mantle contained H 2 O when melting began, the depth of melting approaches the base of the Moho and is 1300°C at 2 GPa for 5 wt % H 2 O in the melt and 1360°C at 2.2 GPa for 2 wt % H 2 O, and 1420°C at 2.4 GPa for a dry melt. Major and trace element evidence from Bb-107 and other primitive Tibetan shoshonitic lavas indicates that these magmas may be derived as low-extent melts (1-3 wt %) of a metasomatized mantle in the spinel and garnet stability fields. The depth of melting and the geochemical characteristics of the Tibetan lavas are correlated. Increased extents of melting correlate with increasing depth of melting. This correlation is to be expected if melting occurred during lithospheric thinning during downward convective flow at the margin of the lithosphere-asthenosphere boundary.
Introduction
[2] On the Tibetan Plateau, China, high-potassium basaltic volcanism has occurred throughout the Tertiary [Ding et al., 2003] , extending from the Paleocene (60 -63 Ma) until the Quaternary [Cooper et al., 2002] . This volcanism postdates the collision of the Indian and Asian plates and is related to the processes of uplift of the Tibetan Plateau. The eruptions are associated with east-west extension that is occurring perpendicular to the direction of plate convergence. Two different hypotheses have been proposed to explain the volcanism. In one model convective thinning of the lithosphere occurs in response to extension Houseman, 1986, 1989; McKenna and Walker, 1990; Molnar et al., 1993] . In the second model subduction and descent of Indian lower crust beneath the Tibetan Plateau drives volcanism [Arnaud et al., 1992; Nomade et al., 2004; Tapponnier et al., 2001; Wang et al., 2001] . The erupted lavas record the mantle dynamic processes beneath the Tibetan Plateau and provide a unique opportunity to place constraints on mantle potential temperature as well as melting processes. In this study, we use results of phase equilibrium experiments to place constraints on the mantle source as well as processes and conditions of melt generation.
[3] A synthetic analog of primitive Miocene shoshonitic lava from the Qiangtang terrane [Turner et al., 1996] was used to carry out a series of piston cylinder experiments under pressure-temperature conditions of the lower crust and uppermost mantle. Our results support fractional crystallization at lower crustal depths as an important process that has influenced the compositional variability observed in the highly potassic Tibetan lavas. We also propose that our primitive shoshonitic lava may have been derived from a metasomatized peridotite mantle source that contained both garnet and spinel. Mantle temperatures at the site of melt segregation (60 to 65 km) were between 1300 to 1420°C. We also combine geochemical data with constraints from experimental petrology to place constraints on the nature of the mantle melting process that is occurring beneath the Tibetan Plateau. The evidence is consistent with convective lithospheric thinning and melting during conductive heating of the sinking lithospheric material. bordered by the Himalayas that rise over 8 km high and are the result of a large-scale active continental deformation. This process thickened the crust by a factor of 2 and led to a crustal thickness of $65 km beneath the Tibetan Plateau [e.g., Fielding et al., 1994; Haines et al., 2003] . The IndusTsangpo suture separates the Tibetan Plateau from the Himalayans in the south (Figure 1 ). In the north the Altyn Tagh fault separates the plateau from the Tarim Basin. The terranes that make up the Tibetan Plateau from north to south are the Kunlun, Songpan-Ganzi, Qiangtang, and Lhasa. During several ocean basin closures, these terranes were successively accreted to the Asian continent. These collisions started in late Permian in the north by the accretion of the Kunlun and Songpan-Ganzi blocks and moved to the south, involving Qiangtang in late Triassicearly Jurassic and Lhasa in late Jurassic [Dewey et al., 1988] . With India moving northward, the orogenesis of the Himalayas followed, and in Cretaceous and Paleocene, the Tethyan ocean crust was subducted underneath the Asian continent. With the collision of the two continents in early Tertiary, the crust was thickened, oceanic crust was obducted, and India started to underthrust beneath Asia, leading to the formation of the Tibetan Plateau and the deformation of the Indian and Asian continents [Hirn et al., 1995; Houseman and England, 1993; Jin et al., 1994] . The high-potassium basaltic volcanism began at this stage of evolution and has continued to the present time.
[5] Kola-Ojo and Meissner [2001] describe the crustal structure of the southern Lhasa terrane. They propose a partly molten upper sialic crust and a lower mafic and granulitic crust with temperatures above the gabbro and granulite solidi. They also propose magma chambers in the lowermost crust and describe a smooth transition zone to the relatively cold lithospheric mantle at a depth of 60-70 km. In the Qiangtang terrane, where the shoshonitic rocks of this study are found, Rodgers and Schwartz [1998 ] describe a crustal thickness of 65 ± 5 km. They also find attenuation of s waves in the shallow upper mantle and suggest that it contains $1 -2% partial melt. Migration of hotter mantle to the base of the lithosphere is suggested to result in elevated crustal temperatures and provide the heat for the generation of partial melts. A profile of the Tibetan Plateau after Owens and Zandt [1997] is shown in Figure 2 . Crustal thickness varies from 75 km in the southern Lhasa terrane to 55 km in the Songpan-Ganzi terrane. In this model the Qiangtang terrane lies in a back arc setting, whereas the Lhasa terrane lies above the subduction zone. In the lithospheric thinning model, the Qiangtang terrane lies in a region where hot mantle upwelling and down welling are focused by the removal of old Indian lithospheric mantle. Elkins-Tanton and Hager [2000] and Elkins-Tanton [2007] describe the nature of the mantle flow that would accompany such a process.
Shoshonitic Lavas From the Qiangtang Terrane
[6] On the Tibetan Plateau, high-K volcanism has accompanied the entire uplift history of the plateau [Ding et al., 2003; Guo et al., 2006; Nomade et al., 2004; Williams et al., 2004] . The ages of volcanic rocks of the Qiangtang terrane range from Pliocene-Miocene (3 -13 Ma) to Paleocene (60 -63 Ma). The volcanic rocks in the Kunlun, SongpanGanzi, Qiangtang, and Lhasa terranes are Miocene and younger in age. The volcanic centers are generally small in volume and widespread over the entire plateau (Figure 1 ). Calc-alkaline dacites and rhyolites occur subordinately with shoshonitic and ultrapotassic volcanic rocks. Pyroxene-and plagioclase-phyric extrusives, with a SiO 2 content of between 45 and 65 wt %, relatively constant K 2 O at 3.5-4.5 wt %, and K 2 O/Na 2 O mostly between 0.5 and 2.0 [Turner et al., 1996] lie within the shoshonite field defined by Peccerillo and Taylor [1976] . Few are ultrapotassic (K 2 O/Na 2 O > 2) or calcalkaline (K 2 O/Na 2 O < 0.5). The Mg # (Mg # = molar MgO/[molar MgO + molar FeO]) lies within a broad range of 0.73 to 0.10, indicating primitive to highly evolved lavas [Turner et al., 1993] . Phenocrysts present in the shoshonitic rocks consist of olivine with Mg # $0.83 and unzoned augite with Mg # $0.74. Also present in the more evolved lavas are orthopyroxene and feldspar that are compositionally zoned and sanidine is also present along with minor Fe-Ti oxides and phlogopite.
[7] For the experimental study we chose Miocene shoshonitic basalt Bb-107 (Table 1) , the most primitive composition (Mg # = 0.67) described by Turner et al. [1996] . Sample Bb-107 is from the greatest concentration of volcanism in the northeast, where seismological evidence suggests high mantle temperatures [Hirn et al., 1995] . Sample Bb-107 is highly silica-undersaturated (44.9 wt % SiO 2 ) and the alkali abundances (3.31 wt % Na 2 O, 3.89 wt % K 2 O) place the composition well within the compositional field of olivine leucitite or basanite. Since many authors refer to these lavas as shoshonitic lavas we will retain this terminology in our discussion. Similarly primitive shoshonitic lavas were erupted 60 Ma before present in the Lagal area of Qiangtang terrane [Ding et al., 2003] . Therefore, mantle melting processes have produced this magma type throughout the uplift history of the Tibetan Plateau.
[8] For the mantle source of the Tibetan shoshonitic rocks, Turner et al. [1996] suggest a metasomatized, garnet peridotite source containing $6% phlogopite inferred from geochemical and isotopic data. More recent trace element modeling by Williams et al. [2004] concludes that melting of a metasomatized spinel + garnet bearing source, or melting that exhausted garnet from the source region, or in some circumstances melting in the spinel stability field were all possible scenarios for the origin of the shoshonitic magmatism. Guo et al. [2006] have reported on the geochemistry of several additional volcanic centers and find that the trace element abundance variations are most consistent with melting from a spinel peridotite. The more primitive shoshonitic rocks from the Tibetan Plateaus display a depletion of high field strength elements (HFSE), indicative of prior melt extraction. Large ion lithophile elements (LILE) are enriched, suggesting a later metasomatic event that eventually accompanied subduction. The heavy rare earth elements are depleted (HREE) relative to the light rare earth elements (LREE), but LREE/HREE depletions are variable and can be attributed to prior melt extraction and/or residual garnet [Williams et al., 2004] .
Experimental and Analytical Methods

Starting Material
[9] We prepared a synthetic mix with a composition analogous to Bb-107. In order to obtain a homogenous mixture with the correct alkali and P 2 O 5 abundances, we first synthesized a glass from which we excluded FeO and MgO. The synthetic mixture contained the alkali carbonates, fluor-apatite and oxides. It was homogenized for 5 h by grinding under ethanol in an agate mortar and pestle. To decarbonate the mixture, it was heated to 850°C in a Pt crucible for 29 h at atmospheric pressure. The decarbonated mix was then placed in a 0.1 MPa gas mixing furnace and heated at a rate of 3°C/min to 1350°C for a period of 8 h. A rapid quench produced a homogeneous glass, as indicated by low standard deviations of replicate electron microprobe analysis. A CO 2 and H 2 gas mixture was used to maintain the oxygen fugacity near the quartz-fayalite-magnetite (QFM) buffer and the flow rate was minimized to avoid alkali loss. To this alkali-and P-rich glass, we added MgO and FeO as a stoichiometric mixture of Fe metal sponge and Figure 2 . North -south cross section through the Himalaya and the Tibetan Plateau at $92°-93°E, redrawn after Owens and Zandt [1997] (with permission from Macmillan Publishers Ltd.). White areas indicate the crust, light grey areas indicate the lithospheric mantle, and dark grey areas indicate the asthenospheric mantle. Fe 2 O 3 . The final mixture was ground again to produce a homogeneous starting material.
Piston Cylinder Experiments
[10] Nominally dry experiments were performed in a graphite capsule machined from dense Specpure graphite rods. The sample + graphite capsule assembly was dried for 12 h at 125°C, placed in a Pt capsule and welded shut. This capsule assembly was surrounded by an Al 2 O 3 ceramic cylinder and centered in the hot spot of a graphite heater, using MgO spacers [see also Hesse and Grove, 2003] .
[11] The melting experiments were carried out from 1.0 to 2.2 GPa in a 0.5-inch solid-medium piston cylinder device [Boyd and England, 1960] . The pressure medium was BaCO 3 and pressure was calibrated using the Ca-Tschermak breakdown reaction [Hays, 1967] . The temperature was monitored and controlled using a W 97 Re 3 -W 75 Re 25 thermocouple and corrected for a temperature difference of 20°C between the hotter center of the run assembly and the colder position of the thermocouple that is offset above the center. The temperature was not corrected for the effect of pressure on the thermocouple EMF. The run temperature was maintained by a Eurotherm 818 controller to ±2°C and we judge temperature reproducibility to be ±7°C. The oxygen fugacity of our experiments has not been measured directly. Because we have added iron as Fe + Fe 2 O 3 in proportions to make FeO, and since our measured Fe-Mg exchange distribution coefficients (K DFe-Mg ) are similar to those measured in 0.1 MPa gas-mixing experiments carried out at the quartz-fayalite-magnetite (QFM), we conclude that oxidation conditions were below QFM. Watson [1987] and Brooker et al. [1998] also suggest conditions more reducing than $QFM-1 to QFM-2, for similar piston cylinder assemblies.
[12] Experimental assemblies were first pressurized to 1.0 GPa at room temperature conditions. This pressure was maintained while the sample was heated at a rate of 100°C/min to 865°C and held at this temperature for 6 min. After 3 min at 865°C the pressure was raised to the final run pressure. The temperature was then increased by 50°C/min to the run temperature and the pressure was adjusted to the desired final experimental pressure. The pressure was held constant using the piston-in technique [Johannes et al., 1971] . After $24 h, the experiments were quenched by turning off the output power.
Electron Microprobe Analysis
[13] All samples were cut in half, mounted in epoxy and polished. The samples were then carbon coated and analyzed on the MIT JEOL-JXA-733 Superprobe, using wavelength dispersive spectrometry (WDS) with a 10 nA beam current and an accelerating voltage of 15 kV. For glass analyses, the beam diameter was set to $10 mm and Na was counted at the beginning of the analysis for 5 s. Other elements were measured for up to 40 s, depending on abundance level. Analytical precision can be inferred from replicate analyses of glass working standards [Gaetani and Grove, 1998 ]. One standard deviation of the average of replicate glass analyses for each oxide expressed as relative percent of oxides is SiO 2 = 0.4%, Al 2 O 3 = 0.9%, CaO = 1.5%, MgO = 1.5%, FeO = 1.4%, MnO = 8.1%, P 2 O 5 = 5%, Na 2 O = 1.9%, K 2 O = 1.1%, based on 289 individual measurements over 28 analytical sessions. The CITZAF correction package of Armstrong [1995] was used to reduce the data and to obtain quantitative analysis. The atomic number correction of Duncumb and Reed, Heinrich's tabulation of absorption coefficients, and the fluorescence correction of Reed were used to obtain a quantitative analysis [Armstrong, 1995] .
Experimental Results
[14] To study the phase relations of the system, experiments were conducted on the dry starting material over the pressure range of 1.0 -2.2 GPa at temperatures of 1270-1440°C. The experimental conditions and chemical compositions of the phases produced are listed in Tables 2 and 3 . Figure 3 shows the back scattered electron images of samples that are representative of the different phase assemblages produced. The crystals of all samples are compacted at the bottom of the capsule; a phenomenon that we assume is caused by chemical diffusion and relative migration of phases due to a thermal gradient [Walker and Agee, 1988] . The hot spot of the assembly used lies on the uppermost part of the capsule; the bottom of the capsule is $7°C colder [Grove et al., 2006] .
[15] Figure 3a shows run B895, an experiment at 1.6 GPa and 1365°C. This experiment contains mostly glass along with a small amount of clinopyroxene and lies just below the liquidus. The clinopyroxene crystals are dark grey and are surrounded by lighter grey chemically homogenous matrix of glass. The crystals have diameters of $20 mm and are compositionally homogeneous, indicating an approach toward chemical equilibrium. This experiment is typical of the 1.2 to 2.2 GPa runs in terms of crystal sizes and distribution of melt. Figure 3b shows sample B903, an experiment at 1.0 GPa and 1300°C. It contains glass, clinopyroxene, olivine, apatite and phlogopite. The dark grey matrix is the glass, clinopyroxene are relatively large crystals, $300 mm in diameter, and olivine and apatite are light colored and small ($10-20 mm in diameter). The phlogopite crystals are tabular and sometimes contain a lamellar structure. Unfortunately, it was not possible to quench the glass in these multiply saturated 1.0 GPa experiments. Although the glass appeared to be compositionally uniform, it was very low in MgO in all of the experiments and all of the minerals contained chemically distinct, Feenriched overgrowth rims. The analyses of these 1.0 GPa experiments are presented in Table 3 and include analyses of cores and rims of crystals as well as an attempt to reconstruct a melt composition prior to quench modification.
[16] Figure 4 shows the different phase assemblages of our samples in a pressure-temperature diagram along with the liquidus and phase boundaries. For the dry experiments, the liquidus rises from 1340°C at 1.0 GPa [Médard and Grove, 2008 ] to 1440°C at 2.2 GPa. Olivine and clinopyroxene are the liquidus phases at 1.4 GPa and clinopyroxene is the liquidus phase at >1.4 GPa. At 1 GPa olivine is the liquidus phase followed by clinopyroxene, phlogopite and apatite at 1320°C.
[17] For each experiment, we used a materials balance technique to estimate phase proportions and to determine whether the bulk composition of the experimental sample had remained constant. A linear regression of the compo-sitions of the phases analyzed in each experiment and the bulk composition of the starting material provided estimates of phase proportions. The mass balance also provided a comparison of the experiment's bulk composition to the bulk composition of the starting material. This information is provided for each experiment in Table 2 . There was no significant loss or gain (>5%) of any element. We cannot prove that our experiments achieved chemical equilibrium, because that would require reversal experiments for all possible compositional changes in all phases. However, for the reasons outlined below we conclude that the experiments approached equilibrium sufficiently to allow us to understand the crystallization behavior of the Bb-107 composition. Although phase appearances have not been reversed, it has been demonstrated that direct synthesis is sufficient to recover equilibrium phase appearance temperatures in experiments with >40% melt [Grove and Bence, 1977] . Furthermore, we maintained constant sample composition with little or no loss or gain of iron, which is an important prerequisite for an approach to equilibrium. We also achieved regular and consistent partitioning of major elements between crystalline phases and melt, an additional prerequisite for approaching equilibrium.
[18] Most experiments are close to the liquidus and experimental products contain more than 80% glass ( Table 2 ). The experimental glass is homogenous judging from the small standard deviations of replicate analyses of glass (Table 3 ). The Ca, Al and Ti contents of clinopyroxenes in our experiments are comparable to those from longer duration multiple saturation experiments using basaltic compositions [Gaetani and Grove, 1998; Kinzler and Grove, 1992a, 1992b] . The Fe-Mg distribution coefficients [Gaetani and Grove, 1998; Kinzler, 1997] . The K DFe-Mg (Cpx-Liq) (where Cpx is clinopyroxene) for clinopyroxene is 0.22 (±0.02) for experiments on Bb-107. Compared to longer duration experimental studies, the K DFe-Mg (Cpx-Liq) are similar to those found in melts containing high Na 2 O [Elkins-Tanton and Kinzler and Grove, 1992b; Kinzler, 1997] . At high temperatures, the large amounts of melt present, the consistent partitioning and minor element composition of solid phases observed in our experiments indicate that the experimental phases are close enough to equilibrium to aid in the understanding of the petrogenesis of this Tibetan shoshonitic composition.
[19] The Fe-Mg distribution coefficients K DFe-Mg of olivine melt and clinopyroxene melt in the 1.0 GPa multiply saturated experiments are distinctly lower than those measured in the higher-pressure experiments. The olivine melt K DFe-Mg varies between 0.28 and 0.31 for pressure !1.2 GPa and between 0.12 and 0.24 in the multiply saturated 1.0 GPa experiments, the clinopyroxene melt K DFe-Mg at !1.2 GPa are 0.16 -0.23 and 0.04 -0.05 at 
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Experimental Constraints on Conditions and Processes of Magma Generation in Tibet
[20] Our starting material is an analog of the most Mgrich lava from Turner et al. [1996] (Mg # = 0.67), and this composition was chosen because it was the closest to a mantle-derived melt. The experimental liquidus olivine ) is much more magnesian than any olivine found in Tibetan shoshonitic lavas (Fo 83 [Turner et al., 1996] ) and clinopyroxene in the Tibetan shoshonitic lavas is also more Fe-rich than the pyroxenes produced in our high-pressure experiments. Many of the phenocryst-bearing Tibetan lavas are more evolved and have experienced crustal level fractional crystallization [Putirka et al., 2003 ]. We will use our experimental data for two purposes, first to understand controls exercised by fractional crystallization on the evolved shoshonitic lavas and secondly to place constraints on possible mantle melts that might have been fractionated at deeper levels (upper mantle) to produce the most primitive shoshonitic melts found in the Tibetan Plateau.
Fractional Crystallization at Crustal Pressures
[21] Figure 5 shows the projection of experimental glasses, saturated with olivine and clinopyroxene (pressure >1.0 GPa) and olivine, clinopyroxene, phlogopite and apatite (pressure 1.0 GPa), as well as the bulk compositions of less primitive Tibetan shoshonitic lavas described by Turner et al. [1996] , Williams et al. [2004] , Ding et al.
[2003], and Guo et al. [2006] along with melts produced at 0.1 MPa with a similar shoshonitic starting material [Sack et al., 1987] . The projection scheme of Tormey et al. [1987] [also see Grove, 1993] is shown in Figure 5 and uses oxygen units for the projection. Negative values of the Quartz component show the strongly silica-undersaturated nature of some of the Tibetan lavas.
[22] The compositional trends followed by the melts during down temperature fractional crystallization are distinct for crystallization at 0.1 MPa and different from the trends produced by crystallization of olivine and clinopyroxene at higher pressures. The difference in the slopes of the fractionation paths are mainly caused by a higher content of clinopyroxene in the crystallizing phase assemblage at higher pressures. With decreasing pressure, the melts saturated with olivine and clinopyroxene move toward plagioclase on both projections shown in Figure 5 . [23] We used a least squares regression method to calculate stoichiometric coefficients for the melting reactions (Table 4) . Pairs of near liquidus experiments with the same phase assemblage at different temperatures at the same pressure were used to estimate the coefficients. The major element composition (weight fractions) of the higher-temperature liquid was mass balanced against the compositions of the liquid and all the crystalline phases present in the lower-temperature experiment. The coefficients were then normalized to 1 unit mass of liquid. These stoichiometric coefficients for the 1.2 to 2.2 GPa olivine + clinopyroxene reaction boundary are, for 1.2 GPa, For the olivine + clinopyroxene + phlogopite + apatitesaturated liquids we were unable to successfully reconstitute the liquid compositions of the quench-modified experiments. Thus, we have not calculated the stoichiometric coefficients for these experiments.
[24] Most of the Tibetan shoshonitic lavas have been influenced by crustal level fractional crystallization. This characteristic has been noted in most geochemical studies of Tibetan shoshonitic rocks [Arnaud et al., 1992; Ding et al., 2003; Guo et al., 2006; Turner et al., 1996; Williams et al., 2004] . Olivine and clinopyroxene are dominant phenocrysts in the more primitive shoshonitic lavas [Guo et al., 2006] , and sanidine and plagioclase are often present in the more evolved rocks [Arnaud et al., 1992; Turner et al., 1996] . As shown in Figure 5 , most of the lavas follow the crystallization paths that fall between the low P fractionation path from Sack et al. [1987] in which plagioclase is a late appearing phase and our 1.0 to 2.4 GPa liquids saturated with olivine + clinopyroxene + phlogopite + apatite. Phlogopite and apatite are also found as phenocryst phases in many of the Tibetan lavas. Thus, the compositional evolution in the Figure 5 projection can be explained by fractional crystallization at pressure of 1 GPa or less.
[25] Putirka et al. Table 2 for experimental conditions and Table 3 Tormey et al. [1987] (also see Grove [1993] ) using oxygen units. Squares indicate melts from this study, and triangles are 0.1 MPa experiments of Sack et al. [1987] . Circles indicate Tibetan shoshonitic compositions from the literature. Arrows mark trends for down temperature crystallization at low pressure (0.1 MPa to 1.0 GPa) and high pressure (1.2 -2.4 GPa).
phase relations in experiments on two evolved Tibetan shoshonitic lavas (MgO = 4 À 4.3 wt %) and used the results to estimate the pressure and temperature of clinopyroxene crystallization. Putirka et al. [2003] applied this clinopyroxene thermobarometer to clinopyroxene-liquid pairs reported by Arnaud et al. [1992] and Turner et al. [1996] and found a range of crystallization conditions that spanned 1110-1080°C and 0.5 -1.0 GPa.
[26] Figure 6 shows the major element compositional variations of the Tibetan lavas plotted against our experimentally produced liquids and calculated reverse fractional crystallization paths (described in section 4.2). Also shown is the 0.1 MPa liquid line of descent from Sack et al. [1987] . There are a group of lavas that define the most primitive end-members of the Tibetan shoshonitic suite with MgO contents that range between 8 and 10 wt %. These lavas show wide variation in SiO 2 , FeO and alkalis and we will examine these lavas in the following discussion. Lavas with MgO contents less than 6 wt % define a roughly parallel trend with a slope similar to that defined by our highpressure data and the 0.1 MPa experiments of Sack et al. [1987] . Most of the lavas show the effects of crustal level fractionation which is consistent with the presence of phlogopite and apatite as phenocryst phases in these lavas.
Fractional Crystallization at Upper Mantle Pressures
[27] In order to infer the parental mantle melts for the primitive Tibetan shoshonitic lavas it is necessary to correct for fractional crystallization effects that these lavas have experienced subsequent to their removal from the mantle source region. We carried out a series of ''reverse'' high- GPP is a depleted and metasomatized peridotite from Erlank et al. [1987] , HZ is the primitive peridotite composition of Hart and Zindler [1986] , compositions of calculated accumulated melts are calculated using the model of Kinzler and Grove [1992b] . Back-fractionated melts of B907 are calculated from reaction coefficients (Table 4 ). , garnet peridotite from Walter [1998] , and lherzolite from Kinzler [1997] , Longhi [2002] , and Salters and Longhi [1999] . Spinel peridotite melts are MEX from Hesse and Grove [2003] as well as calculated melts from Kinzler and Grove [1992a] of a spinel peridotite for a depleted (GPP) and primitive (HZ) mantle composition. pressure fractional crystallization calculations to return our most primitive lava (Bb-107) to a possible mantle melt composition. Several important lines of evidence support the utility of such calculations. The first is that geochemical studies of Tibetan shoshonitic lavas indicate that there has been no significant modification of these lavas by crustal contamination. Another important line of evidence in support of the reverse fractionation calculations is that the fractionating assemblage for Bb-107 above 1.4 GPa has essentially constant proportions of olivine + clinopyroxene in its fractional crystallization mode. Thus, the crystallization path is relatively depth independent, and it is straightforward to return the evolved liquid to a mantle melt by addition of the fractionating phases in the proportions given by reaction (R2). The composition of the mantle melt extracted from its residue may change with pressure, but the fractionating assemblage in these highly silica-undersaturated liquids is apparently constant.
[28] We used the melting reaction coefficients for (R2) and clinopyroxene compositions from our 1.6 GPa experiments to recalculate the compositions of possible parental mantle melts. Reversing the effects of fractional crystallization is accomplished by calculating the compositions of the minerals in equilibrium with the melt and then adding them in stoichiometric proportions to the melt to return it to a parental liquid that was in equilibrium with its mantle residue. A reverse fractional crystallization process was calculated by adding 23 steps of ''reverse'' crystallization in 2 wt % increments and the results of the model are found in Table 5 . This is equivalent to 36 wt % crystallization and the calculation was stopped when the composition of the [Médard and Grove, 2008] . The sloping black line labeled ''SP out'' is the spinel to garnet transition for the BBGtOpx composition. The slope of the line was inferred from the spinel to garnet facies reaction boundaries (grey lines) in CMAS (line a) [Kushiro et al., 1967] , a natural peridotite (line b) [O'Hara et al., 1971] , and CMAS + Cr (line c) [Nickel, 1986] . The pressure at the Moho beneath Qiangtang is inferred from the results of Haines et al. [2003] . HPFC marks the conditions of lower crustal fractional crystallization inferred for composition Bb-107. added olivine reached Fo 90 , a minimum value for equilibrium with mantle lherzolite.
[29] An additional calculation using the reaction coefficients
was performed to examine the influence of this assemblage on the resulting mantle melt. This calculation was motivated by the experimental results of Elkins-Tanton and , who found that spinel was also an important fractionating phase in their high-K Sierran leucitite composition. This Sierran magma is more primitive (MgO = 14 wt %) than our Tibetan composition (MgO = 10.4 wt %), and spinel may become a saturating phase in our Tibetan melt as it becomes closer in composition to the melt that was extracted from its mantle residue. The results of these calculations are shown on oxide-oxide variation diagrams in Figure 7 and on projections schemes in Figure 8 .
[30] To put constraints on the source material as well as the melting conditions that led to the production of the Tibetan shoshonitic basalt we will compare primitive highpotassium basaltic liquids from other tectonic settings and predicted parental magmas derived by melting mantle compositions in garnet and spinel facies. The primitive basalts are subduction-related absarokites from the western Mexican Volcanic Belt [Hesse and Grove, 2003] . Experimental evidence indicates that these lavas were derived from a spinel peridotite source at 1.6 GPa. We also chose the high-potassium leucitite from the Sierra Nevada [Elkins-Tanton and Grove, 2003] which was generated in the garnet stability field from a metasomatically altered source peridotite.
[31] Primary magmas of garnet and garnet + spinel peridotite have been experimentally produced by Walter [1998] from KLB-1 peridotite and from basalt-peridotite mixtures by Kinzler [1997] , Longhi [2002] and Ebert and Grove [2005] . Compositions of the primary melts of spinel peridotite are calculated using the model of Kinzler and Grove [1992a] . We used two peridotite bulk compositions for the calculation; the primitive peridotite composition of Hart and Zindler [1986] (hereafter referred to as HZ) and a depleted and metasomatized peridotite from Erlank et al. [1987] (hereafter referred to as GPP). For the model melting conditions we chose near fractional adiabatic decompression melting that began at an initial pressure of 1.1, 1.7, or 2.6 GPa and ended at a final pressure of 0.9, 1.5, or 2.4 GPa, respectively. Near-fractional melting was carried out in steps of 1% per 0.1 GPa of decompression, following Kinzler and Grove [1992a] , with 90% of the melt removed after each increment. Therefore, the resulting accumulated melt represents a total melt fraction of 2.7 wt % of accumulated fractional melting. The chemical compositions of these calculated primary magmas are given in Table 5 .
[32] Figure 7 shows oxide-oxide variation diagrams for the natural and calculated melt compositions. The Tibetan [Ebert and Grove, 2005; Kinzler, 1997] . The fractionation-corrected Tibetan liquids also bear a close resemblance to the Sierran high-K leucitite compositions, especially when reaction (R3) is used in the reverse fractionation calculation (trend b in Figures 6 and 7 ; trend a is reaction (R2)). We think that spinel must have been a fractionating phase in the Tibetan lavas, but that it was lost from the crystallization assemblage when the Cr content of the residual liquid fell below some unknown critical value. Finally, note that the natural lavas experimentally determined to be saturated with a spinel peridotite residual assemblage and the predicted spinel peridotite mantle melts (GPP and HZ) both plot in the same part of composition space.
[33] A similar set of conclusions is drawn from examining the pseudoternary projections (Figure 8 ). The Qiangtang lava and fractionation-corrected liquids plot in the same region of composition space as melts of garnet peridotites along with the Sierran compositions. In contrast, spinelsaturated peridotite melts all plot at lower values of the olivine component. This is consistent with the lower FeO + MgO and higher SiO 2 that are observed in the oxide-oxide variation diagrams. The progression of melt compositions in the olivine-plagioclase-quartz (Ol-Pl-Qtz) and Ol-Cpx-Pl diagrams (Figure 8 ) is that increasing pressure of melting results in primary magmas with higher Ol component. Thus, the highest-pressure garnet peridotite melting experiments [Walter, 1998 ] at 6 GPa plot closest to the Ol apex. Ellipses are drawn on Figure 8 to schematically illustrate the compositional range for melts of garnet peridotite (GT) and spinel peridotite (SP) sources. Melts in equilibrium with both garnet and spinel lie near the region of overlap of the ellipse (Figure 8 ), but for simplicity of illustration we have not tried to draw these ellipses to cover all of the liquid compositions that contain both garnet and spinel peridotite residual assemblages. Other factors contribute to the dispersion of points plotted in these projection schemes, and among the most important are the differences in Na 2 O, K 2 O and P 2 O 5 contents of the different natural and experimental liquids plotted.
Mantle Sources, Melting Conditions, and Processes
[34] Figure 9 summarizes the evidence from experimental petrology for the conditions of formation of Bb-107 from the Qiangtang terrane of the Tibetan Plateau. The pressure at the Moho beneath Qiangtang is inferred from the results of Haines et al. [2003] . The evidence from experimental petrology indicates that olivine + clinopyroxene fractional crystallization took place in the lower crust (HPFC in Figure 9 ) and modified a mantle melt derived from upper mantle pressure -temperature conditions inferred from the BBGtOpx experiments of Ebert and Grove [2005] under anhydrous conditions. The mantle melt may have contained some H 2 O and accordingly we have estimated the influence of 2 and 5 wt % H 2 O on the BBGtOpx liquidus using the effect of H 2 O on the olivine liquidus measured by Figure 11 . (top) Olivine-clinopyroxene-plagioclase and (bottom) olivine-plagioclase-quartz pseudoternary projection schemes using the projection scheme in Figures 5 and 8. Tibetan lavas containing >6 wt % MgO were reverse fractionation-corrected by adding 11 wt % olivine and 89 wt % clinopyroxene until they were in equilibrium with Fo 90 olivine. Lavas have been distinguished by the geographic terrane. In the Songpan-Ganzi, Lhasa, and Kunlun terranes all of the primitive lavas are Miocene to Pliocene in age. In the Qiangtang terrane the reported lavas span Paleocene to Pliocene time. Projected lava compositions span range of pressure represented by the experimental data (2 to 6 GPa) in Figure 8 . Since H 2 O may be involved in the Tibetan melting processes and we do not know its effects on the phase relations, we do not assign pressure values to the lavas. Lavas with higher Ol component are taken to represent higher pressures of melting. Lowest Ol values indicate melting in the spinel stability field. Médard and Grove [2008] . The sloping black line labeled ''SP out'' is the spinel to garnet transition for the BBGtOpx composition.
[35] Two models have been proposed for the dynamics of mantle flow that ultimately leads to melting beneath the Tibetan Plateau. In both models metasomatized mantle is melted. In the first heating and melting of metasomatized lithospheric mantle occur during sinking. In the second cooling and melting occur during adiabatic decompression. In the first melting process the flow is induced by a large mass of thickened cold, dense mantle lithosphere that drops off into the underlying asthenosphere. This process induces flow that thins lithosphere through loss of material in the drip. It produces adiabatic upwelling and a corresponding downwelling that carries cold dense lithospheric mantle into the asthenosphere in a gravitational instability [ElkinsTanton, 2007] . In the second process, subduction is taking place beneath the plateau. This leads to ascent of convecting mantle into the wedge corner (or corners in models that incorporate opposing subduction zones e.g., [Arnaud et al., 1992; Ding et al., 2003] . The hot mantle ascends, heats and erodes the mantle lithosphere and drags this metasomatized mantle along in the upwelling limb of the corner flow, which leads to adiabatic decompression melting.
[36] When metasomatized lithospheric mantle is heated and reincorporated into the hotter asthenospheric mantle, these two different mantle flow regimes would lead to two different types of melt generation. The pressure-temperature path traversed is the same for both cases (Figure 10a) . Asthenospheric mantle has an adiabatic temperaturepressure gradient and mantle lithosphere has a steeper conduction-dominated temperature-depth profile. Melting begins at shallow depths in the case of lithospheric mantle thinning. Lithospheric mantle is incorporated into a downwelling flow, and the lithosphere is heated as it sinks to greater depths in the mantle (Figure 10b ). This mantle descends to greater depth in the downwelling convecting asthenopshere, heating continues and melting depth increases as the mantle is heated above its solidus. In this type of melting the shallow melts are the initial low-extent melts and the deeper melts represent progressively higher extents of melting or melting of increasingly depleted mantle. In the subduction advection model the first melts would occur at greatest depths where the metasomatized mantle first crosses the solidus. As the mantle ascends, melting continues and the highest extent of melting occurs at the shallowest depths (Figure 10c ).
[37] The temperature-depth (pressure, T-P) path followed in these two melting processes will be the same, but the melting processes will differ. In both processes melting in the asthenosphere would follow an adiabatic gradient, while melting near the lithosphere-asthenosphere boundary would follow a steeper T-P path (Figure 10a ). In both processes the melting could occur in the spinel-and garnet-peridotite stability fields. For the lithospheric thinning model ( Figure 10b ) the first, low-degree melts form at shallowest depths. Melting continues as metasomatized mantle is carried down into the mantle and heated. So, the larger extents of melting occur at the highest pressures. In the subduction example, melting takes place either through hydrous flux melting or by adiabatic decompression of asthenosphere that is ascending along the upwelling limb of mantle convective flow into the wedge corner [Gaetani and Grove, 2003] . Here the first, low-extent melts are the deepest, and melting extent increases as pressure decreases.
[38] Reverse fractionation-corrected compositions of primitive ultrapotassic lavas from the Tibetan Plateau are plotted on Ol-Pl-Qtz and Ol-Cpx-Pl pseudoternary projection schemes in Figure 11 . These data represent the most primitive lavas from the literature and only rocks containing >6 wt % MgO are plotted. The same reverse fractionation calculation that was applied to Bb-107 (reaction (R2)) was carried out on these compositions, and their melt was returned to a point where it is in equilibrium with Fo 90 olivine. These reverse fractionation-corrected compositions are shown in Figure 11 . The lavas show a variation in composition that is consistent with derivation over a range of depths from shallower less olivine-normative lavas within the spinel stability field to deeper more olivine rich lavas in the garnet field (Figure 8 ). The range of projected lava compositions spans the entire pressure range represented by the experimental data (from 2 to 6 GPa). However, we do not know the influence of H 2 O on phase relations, so we hesitate to assign a predicted pressure to each of the lavas. Instead, we will discuss the data using the Ol component of the recalculation, and associate the higher Ol values with higher pressures of melting and the lowest Ol component values with melting in the spinel field.
[39] Trace element compositional data for these fractionation-corrected primitive Tibetan shoshonitic lavas are shown in Figure 12 where the normative olivine (Ol) content from Figure 11 is plotted against fractionationcorrected trace element abundance. The Ol component value is plotted against compatible (Cr, Figures 12a and  12b ) and incompatible (Sr, Figures 12c and 12d ) trace elements and normalized rare earth element ratios (Er/ Yb n , Figures 12e and 12f) . The Ol variable from Figure 11 provides an indication of pressure of melting with lower Ol indicating lower pressure of melting (spinel peridotite) and higher Ol corresponding to higher pressures of melting (garnet peridotite). Data are shown for the Lhasa, Songpan-Ganzi, and Kunlun terranes where all of the volcanism is young (<15 Ma). The lavas from the Qiangtang terrane span the time interval from 60 to 3 Ma and they are separated out by age and shown in separate plots. On the Ol-Cr plots ( Figure 12a two parallel trends in this plot the higher Ol content lavas are the samples with highest Cr content. On the incompatible element plots the data scatter but in a triangular field (Figure 12c ) that shows a broad range in Sr at low Ol values and closes to low values of Sr at high Ol values. One high Ol-Sr value from the Songpan-Ganzi terrane is an exception. These trends are consistent with the melting expected for the lithospheric drip model. Low Cr and high Sr at low Ol point to low extents of melting at shallower depths, and the trend of increasing Cr abundance with increasing Ol component indicates increasing extents of melting with increasing pressures. Similarly the trend of decreasing Sr abundance with increasing Ol is consistent with increasing extents of melting with increasing pressure. This is the compression melting predicted by Elkins-Tanton [2007] .
[40] The data scattering of Sr abundances at low Ol values is consistent with a melting process that involves variably metasomatized mantle or hybridized mantle sources that may be mixed depleted asthenospheric-enriched lithospheric mantle. Isotopic characteristics of the Tibetan shoshonites support the presence of mixed mantle components [Turner et al., 1996; Williams et al., 2001] .
[41] The Er/Yb n rare earth element ratio is sensitive to the presence of garnet in the source region of melt generation. Values of Er/Yb n > 1 are consistent with garnet as a residual mantle phase during melting. At low extents of melting the Tibetan lavas from Songpan-Ganzi, Lhasa, and Kunlun terranes show Er/Yb n $1, consistent with melting in the spinel stability field. As Ol value increases, Er/Yb n values steadily increase indicating a role for garnet in the mantle residue as expected for higher-pressure melting. This is the trend expected (Figure 10b ) for melting lithospheric drip melting.
[42] The same Ol component -trace element variations are plotted separately for the Qiangtang terrane (Figures 12b,  12d , and 12f), where there is a much greater span in the duration of the magmatic activity. The ages are arbitrarily divided into 3 groups; and older group of primitive lavas spanning $60 to 45 Ma, an intermediate group at 26.5 Ma from northern Qiangtang [Guo et al., 2006] , and a young group from 13 to 3 Ma that are erupted throughout the terrane. Although there is a similar structure in the trends, there is also more scatter. The Ol-Cr and Ol-Sr (Figures 12b  and 12d ) plots show a bimodal spread of low-and high-Ol lavas that span a range of trace element contents. A plausible interpretation of this data is that there were shallower and deeper melting events occurring simultaneously. The Ol-Er/Yb n shows a positive correlation between the Ol value and the ratio, which is consistent with increasing depths of melting in the garnet stability field. The 26.5 Ma lavas appear to sample mantle that has been less enriched in Sr. Despite the scatter in these data, the trend of lower Sr at higher Ol and the positive correlation of Ol-Cr and Ol-Er/Yb n are still discernable in the data, and these variations are most consistent with a lithosphere drip melting process.
[43] The flux-melting process [Grove et al., 2006] that occurs in the hydrated mantle wedge above a subducted slab does not account for the melting behavior observed in the Tibetan Plateau lavas. Flux-melting produces magmas that are extracted from the uppermost part of the mantle wedge at shallow depths near the crust-mantle interface. Melting takes place in an inverted thermal gradient and subduction zone melts reequilibrate with their surroundings as they ascend and record shallow depths and high extents of melting. The combined major element trace element relations shown in Figure 12 are not consistent with melt extraction at the top of a inverted temperature gradient.
[44] To summarize, we propose that Tibetan shoshonitic lavas were produced by hot, shallow melting of a metasomatized mantle source that was heated and pressurized as it sank into the upper mantle. These melts rose into the crust and experienced lower crustal fractional crystallization. In the case of the primitive Qiangtang lava (Bb-107) the conditions for mantle melting range from 1420°C at 2.2 GPa (anhydrous) to 1300°C at 2 GPa (5 wt % H 2 O). Estimation of the preeruptive H 2 O contents from petrologic evidence would allow these pressure-temperature estimates to be refined, but no petrologic information on these primitive samples is presently available. When the broad spectrum of primitive high-K basaltic lavas from the Tibetan Plateau are considered in light of our experimental results, they favor the model of melting that occurred during delamination and lithospheric thinning as proposed by Houseman [1986, 1989] , McKenna and Walker [1990] , and Molnar et al. [1993] .
